We generated 13-fs pulses with a peak power of 1 MW from a long-cavity femtosecond Ti:sapphire laser with 3.7-W pumping. To boost laser energy without degrading the pulse quality from that of a standard laser cavity of 100 MHz, the cavity length was extended by adding four concave mirrors using an image relay scheme, lowering the repetition rate of the oscillator to 27 MHz. The long-cavity laser operating stably with 120-nm spectral width was suitable for the front-end oscillator of a femtosecond chirped-pulse amplification laser. [DOI: 10.1143/JJAP.41.L931] KEYWORDS: femtosecond laser, long-cavity laser, image relay, chirped-pulse amplification
Since the advent of femtosecond Kerr-lens mode-locked (KLM) Ti:sapphire lasers in 1991, 1) femtosecond Ti:sapphire lasers have become versatile tools in a variety of research fields, such as nonlinear optics, time-resolved spectroscopy, and optical frequency metrology. A femtosecond Ti:sapphire laser oscillator typically generates pulses with an energy of a few nJ and a peak power of a few hundred kW at a repetition rate of about 100 MHz. 2) In the case of a femtosecond terawatt Ti:sapphire laser, the laser pulse from the oscillator has to be amplified by a factor of more than 10 7 . Such a high gain causes two serious problems -amplified spontaneous emission (ASE) and gain narrowing. Because these problems originate from the very high gain in amplifiers, they can be reduced by decreasing the gain. Therefore, generation of higher energy pulses with a broad spectrum from a femtosecond laser oscillator is necessary to mitigate the gain narrowing and ASE problems by reducing the required gain in the amplifiers.
One simple method of increasing the output energy of a laser oscillator is to increase the pumping power with a high output coupling. Sub-10-fs pulses with an average power of 1 W and a peak power of 1.5 MW were generated at a repetition rate of 75 MHz.
3) This laser, however, required a high pumping power of 8.5 W to accommodate an output coupler of 28% transmission. To obtain high-energy femtosecond pulses without using high pumping power, a couple of techniques have been developed. Cavity dumping can increase the peak power at a reduced repetition rate by pulling out internal pulses directly from the cavity. Sub-20-fs pulses with a peak power of over 10 MW were obtained from a cavity-dumped laser oscillator at a repetition rate of 1 kHz. 4) Cha et al. utilized a cavity-dumped Ti:sapphire laser oscillator as a seed laser in a femtosecond terawatt Ti:sapphire laser 5) and showed that the high-energy pulses of the oscillator helped to reduce the gain narrowing and ASE. However, the cavity dumping technique is a relatively complicated and expensive method because it requires an additional electro-optic or acoustooptic modulator in the cavity. On the other hand, increasing the cavity length provides a relatively simple method of increasing laser energy at a reduced repetition rate. [6] [7] [8] Recently, 90-nJ femtosecond pulses were generated at a 4-MHz repetition rate directly from a long-cavity femtosecond Ti:sapphire laser with multiple bouncing mirrors and a semiconductor saturable Bragg reflector. 7) The narrow spectral bandwidth of 14 nm, however, makes it unsuitable for the front-end oscil- * E-mail address: sungjh@kaist.ac.kr lator of a chirped-pulse amplification (CPA) femtosecond terawatt laser.
In this study, we demonstrated a long cavity femtosecond laser with a broad spectrum of over 100 nm by adding four conventional femtosecond concave mirrors to a standard Xfolded laser cavity. The long cavity femtosecond oscillator can also facilitate the pulse selection in a CPA laser because of the long interval between pulses. We briefly explain the design principle of a long cavity laser oscillator based on an image relay method, and we describe the generation and characterization of high-energy pulses from the long-cavity laser.
For stable operation of a femtosecond laser, the cavity conditions must not be changed in an extended cavity because the Kerr-lens mode-locking is sensitive to the cavity conditions. The stable region of a standard X-folded Ti:sapphire laser cavity depends on the distance between intracavity mirrors. Therefore, extending a cavity simply by positioning the end mirrors far away from each other leads to a reduction of the stable region and an increase of alignment sensitivity. This means that the Kerr-lens mode-locking conditions, such as the cavity mode size and the nonlinear focusing behavior, are not preserved if the cavity length is carelessly extended.
The Kerr-lens mode-locking conditions can be maintained if the cavity length is extended using an image relay method. 9) The image relay method is based on the imaging property of a pair of lenses in a confocal configuration. When an image relay, which is performed with two lenses of focal length f 1 and f 2 in a confocal configuration, is considered in terms of geometrical optics, the beam profile in the object plane is imaged on the image plane with a magnification m(= f 2 / f 1 ) if the following condition is satisfied:
where
is the distance between an object(image) plane and the first(second) lens. For the image beam to have the same waist and divergence as the object beam, the image relay should be designed with m = 1. Through this process, the extended cavity can have a zero effective length for additional length, and, as a result, the laser cavity mode size and nonlinear focusing behavior at the gain medium can remain unchanged. For the image relay of the beam on the output coupler, it is convenient to install the first lens at the position of the output coupler and use a pair of identical lenses with the same focal length. In this case, d 1 = 0, and
so that eq. (1) becomes
When eq. (2) is satisfied, the beam can be imaged on the plane separated by 2d 2 from the object plane while the waist and divergence of the beam are preserved.
In our setup, the image relay was achieved using two pairs of concave mirrors with the same focal length of 0.5 m; to avoid the material dispersion of lenses we used concave mirrors instead of lenses. The mirrors were separated by 1 m. Using this design, we could relay the beam image directly to the plane at a distance of 4d 2 from the previous position of the output coupler, and the output coupler was moved to the image plane. As a consequence, the cavity was extended to 5.5 m from the standard space cavity length of 1.5 m, and the repetition rate of mode-locked pulses was lowered from 100 MHz to 27 MHz.
We set up a prism-dispersion-controlled femtosecond Ti:sapphire laser in a long-cavity configuration as shown in Fig. 1 . The laser was pumped with a frequency-doubled diode-pumped Nd:YVO 4 laser (Spectra-Physics). The gain medium was a 3-mm-long Brewster-cut Ti:sapphire crystal with an absorption coefficient of 6.8 cm −1 at a wavelength of 532 nm and two focusing mirrors with a 10-cm radius of curvature were used in the X-folded cavity. The cavity length was extended by applying the image relay method in the nondispersive arm of the oscillator. Group delay dispersion (GDD) was compensated by using a fused-silica prism pair with a separation of 520 mm. Because the dispersion induced by the long air path is significant in the long cavity, it has to be compensated. Therefore, the intracavity prism separation was increased by 50 mm from that of the standard cavity. A stable mode-locked pulse train was observed at a 27-MHz repetition rate (37-ns pulse separation) from the long-cavity laser oscillator as shown in Fig. 2 .
We observed that the stable operation region of the long cavity laser was slightly different from that of a standard cavity laser because of higher intracavity peak power. Even though the laser beam was relayed without changing the divergence and beam waist, the long cavity laser is vulnerable to multiple pulsing instability. We adjusted the position of the gain medium and the distance between the two folding mirrors next to the gain medium to prevent multiple pulsing instability. After optimization, the CM2 mirror and the Ti:sapphire crystal in Fig. 1 were moved slightly closer to the CM1 mirror, and the output power was maximized by adjusting the position of the pump beam focusing lens L. As a result, the distance between two curved mirrors was slightly shortened, and the gain medium was moved closer to the focusing lens. Though the increased intracavity peak power strengthens self-amplitude modulation (SAM), the adjustment of the cavity alignment conditions to suppress the multiple pulsing reduced the SAM. The reduced SAM, however, makes the starting of Kerr-lens mode locking more difficult. 7) It was also observed that when a broad laser spectrum was generated, the emergence of a cw background occurred more easily than in the case of the standard cavity. This phenomenon may be explained by the enhanced self-phase modulation (SPM) effect due to the increased intracavity peak power.
6) The separate actions of SPM in the gain medium and negative GDD in the prism pair induces a periodic perturbation to soliton-like mode-locked pulses. 8, 10) Because of this periodic perturbation, undesirable energy transfer from a mode-locked pulse to a cw background occurs. This energy flow is suppressed by SAM, necessitating sufficient SAM, particularly in the case of intracavity laser pulses with very short duration and very high intensity. Therefore, it becomes more difficult for the separate actions of SPM and GDD to be completely balanced by SAM as the intracavity peak intensity grows. Moreover, the reduction of SAM to suppress the multiple pulsing instability makes the balance more difficult. This incomplete balance due to the insufficient SAM induces an instability, and it also reduces the spectral bandwidth and limits the peak power. Consequently, we kept the pumping power below 3.7 W to prevent the emergence of cw background while generating broadband femtosecond pulses.
Pulse duration was measured using the spectral phase interferometry for direct electric-field reconstruction (SPIDER) technique 11) after an external pulse compression using another fused-silica prism pair. Figure 3 illustrates the SPIDER apparatus used. In this setup, an incoming laser pulse is first divided into two pulses. One is strongly chirped while going through a 8-cm-long SF10 glass block, and the other is sent to a Michelson interferometer, where two replicas of the input pulse are generated with a time delay of 200 fs. Two pulses from the Michelson interferometer are upconverted at a 30-µm-thick type II β-BaB 2 O 4 (BBO) crystal by sumfrequency generation with the strongly chirped pulse. Two upconverted pulses generate a spectrally sheared interferogram centered at 400 nm when they are recorded by a spectrometer equipped with a UV-enhanced charge-coupled device. The pulse intensity and phase in the time domain are reconstructed from this interferogram using a SPIDER algorithm that includes Fourier filtering, concatenation, and Fourier transform in combination with the separately measured laser spectrum. The laser spectrum has a bandwidth of 120 nm centered at 800 nm as shown in Fig. 4(a) , which supports a pulse duration as short as 11 fs when the pulse has a flat phase in time. Measured pulse duration using the SPIDER technique was 13 fs as shown in Fig. 4(b) with an average power of 340 mW at a pumping power of 3.7 W. The corresponding output pulse energy and the peak power were 13 nJ and 1 MW, respectively.
For further reduction of the repetition rate, we increased the cavity length by 4 m using an additional concave mirror of 0.5-m focal length and introducing the same alignment as that of a long cavity mode-locked Nd:YAG laser with an intracavity White cell.
12) The resultant repetition rate was 15 MHz, and the average output power of 340 mW was obtained, giving an output energy per pulse of 23 nJ. The spectral bandwidth, however, decreased to 80 nm as shown in Fig. 5 . The emergence of a cw background due to the high intracavity peak power prevented further broadening of the spectrum. This spectrum supported the transform-limited pulse of 15 fs, giving a peak power of 1.5 MW. Despite the potential for higher peak power, this setup has several shortcomings. The cavity alignment was quite complicated, and the spectrum was not sufficiently broad to produce a seed beam suitable for a CPA laser when compared to that of the 27-MHz pulses. Moreover, starting Kerr-lens mode locking is more difficult than for the 27-MHz cavity because the laser should be operated at reduced SAM to avoid the multiple pulsing instability. If the repetition rate of the oscillator is reduced to 5 MHz, additional mode-locking elements such as saturable Bragg reflectors, semiconductor saturable-absorber mirrors, or acousto-optic modulators may be required for starting and stabilizing the mode locking because of insufficient SAM. 6, 7) The performance of the long cavity laser as a front-end oscillator was tested in a CPA Ti:sapphire laser. Laser pulses from the oscillator were stretched to about 220 ps by an allreflective Offner-triplet-type stretcher, and one pulse was selected by a Pockels cell at 1 kHz. After the Pockels cell, the pulse was injected into a multi-pass amplifier. The amplifier consisted of a flat gold mirror and two dielectric-coated focusing mirrors. 13) The two focusing mirrors in a confocal configuration had slightly different radii of curvature, 1000 and 900 mm, to reduce ASE. The flat gold mirror was situated perpendicular to the other mirrors. The amplifier was pumped by a green pulse of 6.5-mJ energy from a frequency-doubled Qswitched Nd:YLF laser. The number of passes at the amplifier was adjusted to boost the input pulse energy to the mJ level. When a standard femtosecond laser with 100-MHz repetition rate was used as the front-end oscillator, the input pulse energy to the amplifier was 0.5 nJ, and a 12-pass configuration was needed to obtain a 0.7-mJ amplified energy. While going through the pulse stretcher, the laser spectrum was narrowed to a 90 nm spectral width. This laser spectrum was quickly reduced to 50 nm after 6 passes and to 45 nm after 12 passes. With the long cavity oscillator as the front-end, the input pulse energy to the amplifier was 3 nJ, and the 10-pass configuration was sufficient to obtain the same amplified energy. Because of the quick reduction of the laser spectrum in the first several passes, the injection of the high-energy pulse to the amplifier did not improve the spectral width after amplification, resulting in the same spectral width of 45 nm after the amplification to 0.7 mJ. ASE, on the other hand, was clearly reduced by decreasing the number of passes in the amplifier. The upper limit of ASE preceding the main pulses can be estimated by measuring the ASE without injecting a seed pulse. The 12-pass amplifier generated ASE of 0.2 mJ without seeding, while there was only 0.08 mJ ASE in the case of the 10-pass amplifier. Thus, ASE was significantly reduced by decreasing the number of passes from 12 to 10 without sacrificing the amplified energy. Though the gain narrowing problem was not improved, the adoption of the long-cavity oscillator as the front-end reduced the ASE and helped achieve high-contrast pulse selection in the CPA Ti:sapphire laser.
We demonstrated a broadband long-cavity Ti:sapphire oscillator operating at 27 MHz by extending the cavity length using an image relay method. We added four standard femtosecond concave mirrors to increase the cavity length, and adjusted the cavity alignment conditions to achieve stable mode-locking. The laser generated 13-fs pulses with an energy of 13 nJ and a spectral width of 120 nm with 3.7-W pumping, resulting in the peak power of 1 MW. This laser will be useful as a high-power laser source for femtosecond timeresolved studies and nonlinear optics. More importantly, it is highly suitable for the front-end oscillator of a femtosecond terawatt Ti:sapphire laser due to its broad spectrum, low ASE and long interval between pulses.
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